In order to simulate high-rate discharge behavior of lithium-ion batteries with composite cathode materials, we applied a single-particle model to each cathode material. In the model, we also included the lithium-ion concentration distribution within the electrolyte to calculate the potential profiles in the liquid phase as well as the temperature dependence of both the diffusion behavior of lithium-ions and the charge-transfer rate constant at the solid-electrolyte interface. The potential responses under high-rate discharge were successfully simulated. In this model, the molar flux of each cathode material was determined under the condition that the closed circuit potential of each single-particle should be equal, and the potential distribution in the electrolyte was calculated using a parabolic lithium-ion concentration. The use of approximate analytical solutions for the diffusion equations enabled the reduction of computational time. The validity of the model was confirmed by the experiments using a half-cell of the composite cathode.
Introduction
Development of powertrains and battery management systems (BMS) for plug-in hybrid or battery electric vehicles (EVs) requires a huge amount of battery data under various operating conditions. However, it is not realistic to perform battery tests under all possible operating conditions; therefore the importance of battery simulation models that can precisely predict battery behavior under various conditions is increasing.
The so-called pseudo two dimensional (P2D) model has been proposed as an accurate physics-based battery model. [1] [2] [3] The P2D models can predict battery behavior accurately, but in general they require long computational time.
The single-particle (SP) model has been proposed in order to reduce the computational load of the P2D model. [4] [5] [6] [7] In the SP model, each electrode is represented by a single spherical particle and lithium-ion (Li + ) diffusion in the electrolyte is not taken into account. In spite of having less computational load than the P2D model, the SP model can simulate the output voltage as well as the heat generation characteristics.
Although they are easy to implement and save much computational time, simulations based on the SP model have poor accuracy under high-rate conditions (>1 C); therefore the conventional SP model is not sufficient for the purpose of the development of powertrains or for BMS for EVs.
The poor accuracy under high-rate conditions is attributed to the neglect of the Li + diffusion in the electrolyte. Inclusion of the Li + diffusion phenomena in the electrolyte into the SP model has been proposed in order to improve the high-rate feasibility, [8] [9] [10] and these models have shown better accuracy. In addition to the liquid phase diffusion, inclusion of the temperature dependence of the physical properties (such as the diffusion coefficient and the charge-transfer rate constant) into the SP model has led to a significant improvement in simulation accuracy. 9 However, the SP model with the liquid phase diffusion and the temperature dependent parameters is not yet suitable for applying to the batteries for EVs because the modern batteries for EVs have composite cathodes of several active materials. 11 Actually, the conventional SP model can only treat the mixture of various active materials in the cathode as some kind of "averaged" single-particle with the size, composition, and other properties of these materials, and thus the SP model would result in poor simulation accuracy. An attempt of applying the SP model to each active material in the composite cathode has been proposed. Marcicki et al. 12 successfully explained the capacity fade mechanism by modifying the SP model for the composite cathode, however, they have not yet explicitly dealt with the model feasibility on simulation of discharge behavior at high-rate current.
In this report, we focused on the high-rate feasibility of the SP model, which included the liquid phase transport phenomena and the temperature dependence of the physical parameters applied to each active material in the composite cathode for EVs. The validity of the model was confirmed by comparison with the experiments at various discharge rates and temperatures.
Modeling
In this work, we studied two models for a composite cathode using lithium manganese oxide (LMO) and lithium nickel manganese cobalt oxide (NMC). In the first model (model A), the SP model is applied to the composite cathode regardless of the type of active material. In the second model (model B), the SP model is applied to each active material of the composite cathode. The transport phenomena of Li + in the electrolyte as well as the temperature dependence of the physical parameters are also considered in both models. Figure 1 shows a schematic diagram of a half-cell with a lithiummetal anode, a separator, and a composite cathode. The transport phenomena of Li + are considered only in x-direction (cell thickness direction). To formulate model A, we followed the work of Tanim et al. 9 The details of the formalism and the meanings of variables are summarized in Appendix.
We derived an approximate analytical solution of the Li (14) and (15) in Table 2 ), by using Integral Method Approximation, 13 
where A 0 , +, B 1 denote the constants determined by the conductive properties (¬ eff,i and ¬ d,eff,i ) in addition to the cell design parameters and transport properties described above. The approximate analytical solutions of the Li + concentration and potential difference in the electrolyte could be obtained by inverse Laplace transform of Eqs. (2) and (3), respectively.
The temperature dependence of the parameters in the model was included as follows. The solid phase diffusion coefficient of Li + and the charge-transfer rate constant at the solid-electrolyte interface were assumed to obey Arrhenius' law:
The diffusion coefficient, ionic conductivity, and diffusional conductivity in the electrolyte were assumed to obey Eq. (6), Eq. (7), and Eq. (8), 14 respectively: + at each active material surface was determined in the same manner as Marcicki et al. 12 The molar flux at each active material surface was
where z j denotes the current distribution factor, and subscript j denotes LMO or NMC. The closed circuit potential of each active material single-particle should be equal:
The sum of current distribution factor z j must be unity, or
By solving Eqs. (10) and (11), z j was obtained, then the molar flux could be calculated by using Eq. (9) . In model B, Eqs. (4) and (5) were applied to each active material. In order to reduce the computational load, we used an approximate analytical solution of the Li + concentration at the active material surface for both models (see Eq. (26) in Appendix).
The output potential was simulated by feeding the values of the applied current and the cell surface temperature to the model. Electrochemistry, 84(6), 432-437 (2016) The current and temperature values were measured in the experiments described below. All the calculations were performed by MATLAB μ .
Experimental
In order to obtain the parameters and to confirm the validity of the model, the discharge characteristics of the half-cell with the composite cathode were evaluated at various current rates and temperatures.
The working electrode for the half-cell was prepared by cutting out the composite cathode with a thickness of 80 µm from a commercially available battery to sheets of 15 © 25 mm 2 . Lithiummetals were used as the counter and reference electrodes. A solution of 1 M LiPF 6 in ethylene carbonate : diethyl carbonate (3 : 7, v/v) mixture was used as an electrolyte. The mean particle radius in the composite cathode was determined as ³8 µm for LMO and ³2 µm for NMC from the scanning electron micrograph. Following the procedure given in Refs. 12 and 17, the active material volume fraction was estimated to be 0.30 for LMO and 0.14 for NMC. In this work, the porosity of each region was assumed to be the value in Ref. 9 .
The parameters used for the model calculations are summarized in Table 1 . The solid phase Li + diffusion coefficient and chargetransfer rate constant of each active material were obtained by Galvanostatic Intermittent Titration Technique 18 and Electrochemical Impedance Spectroscopy, 19 respectively. The solid phase diffusion coefficient was calculated by applying Eq. (1) in Ref. 18 to the potential variation for 50 seconds from the beginning of discharge. The charge-transfer rate constant was calculated using Eq. (2) in Ref. 19 under the assumption that the diameter of the semicircle in the Nyquist plot is the charge-transfer resistance. In order to obtain these parameters of LMO and NMC, the parameters of each active material such as U j , c s,max, j , R p, j , and ¾ s, j were used in the above calculations. Although the solid phase diffusion coefficient and the charge-transfer rate constant depend on the potential, for simplicity we used the values at the potential of ³4.1 V vs. Li + /Li and ³3.7 V vs. Li + /Li, for LMO and NMC, respectively, where each plays a dominant role as shown in Fig. 4 .
To compare with the simulation, the discharge characteristics of the half-cell were measured under the constant discharge rates of 1 C, 2 C, 3 C, and 5 C at ambient temperatures of 10°C, 25°C, and 40°C. The half-cell potential, applied current, and cell surface temperature were acquired at each predetermined time interval. Figure 4 shows the molar flux ratios of LMO and NMC with respect to the entire composite cathode at 25°C. According to Fig. 4 , LMO plays a dominant role at high potential and NMC does the same at low. The similar potential dependence of the valence numbers of the transition metals in composite cathodes has been observed by x-ray diffraction; 20 therefore our current distribution model is reasonable. The molar flux ratio also depends on the discharge rate as shown in Fig. 4 . This information should be useful for the design of mixture ratios in composite cathodes. Figure 5 shows the absolute errors of the potential simulated by model B at 25°C. In the potential above 3.6 V vs Li + /Li, the simulations show good agreement with experiments, and the errors are less than ³40 mV (1% relative error with respect to the cathode potential) at discharge rates below 3 C.
Results and Discussion
On the other hand, significant simulation errors can be observed in both models at the highest rates in Fig. 3(a)-3(c) . Albertus et al. have reported a similar result in which the simulation significantly overestimated the discharge potential at rate of 5 C or higher. 21 Albertus et al. have attributed the discrepancy between the simulations and experiments at high-rates to the neglect in the Electrochemistry, 84(6), 432-437 (2016) model of the porous electrode microstructure, a dependence of the electronic conductivity of the active material on the composition of lithium, or a voltage drop by some resistive film formed at the surface of the lithium-metal negative electrode. Although the above described SP model is rather elaborate, the amount of computational load was still kept small because the approximate analytical solutions were used for the diffusion equations in both the solid and electrolyte phases. For example, the analytical solution for the solid phase diffusion equation (by using Eq. (26) in Appendix with m = 20) required only one twentieth of the computational time with the exact numerical solution, while the error of the approximate solution was negligibly small. Figure 6 shows the comparison of the approximate analytical solution to the exact numerical Li + concentration of LMO single-particle surface under the pulse current. The exact numerical solution was obtained by using MATLAB μ PDE solver "pdepe" by dividing the radius of the spherical active material particle into 50 meshes. The difference between the approximate and exact solution was less than 0.4%. Electrochemistry, 84(6), 432-437 (2016)
Conclusion
We studied the feasibility of the SP model, which includes the Li + diffusion in the electrolyte and the temperature dependence of the parameters, under high-rate conditions. By applying the SP model to each active material in the composite cathode the highrate discharge behavior could be successfully predicted. At room temperature, the absolute error was within ³40 mV at rates below 3C. 
By solving Eqs. (11) and (24), z j can be obtained, and then the molar flux is calculated by Eq. (9) . Substituting the molar flux into Eq. (26) described below gives c s,surf, j , and thus U j can be calculated. Then © j is given by Eq. (21) with z j I app and c s,surf, j . Finally, the half-cell voltage of the composite cathode is obtained as
Approximate analytical solution for Li-ion diffusion in solid particle
The diffusion equation in solid phase, Eqs. (12) and (13), is solved by Pseudo-Steady State Method. 22 The approximate analytical solution of c s,surf, j is given by c s;surf;j ðtÞ elapsed time at k-th simulation step (s) s:
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